A phase-shifting point diffraction interferometer is being developed for at-wavelength testing of extreme ultraviolet lithographic optical systems. The interferometer was implemented to characterize the aberrations of a 10ϫ Schwarzschild multilayer-coated reflective optical system at the operational wavelength of 13.4 nm. Chromatic vignetting effects are observed and they demonstrate the influence of multilayer coatings on the wave front. A subaperture of the optic with a numerical aperture of 0.07 was measured as having a wave front error of 0.090 wave ͑1.21 nm͒ root mean square ͑rms͒ at a 13.4 nm wavelength. The wave front measurements indicate measurement repeatability of Ϯ0.008 wave (Ϯ0.11 nm) rms. Image calculations that include the effects of the measured aberrations are consistent with imaging performed with the 10ϫ Schwarzschild optic on an extreme ultraviolet exposure tool.
I. INTRODUCTION
Wave front measuring interferometry plays a key role in the fabrication, alignment, and qualification of optical systems, including lithographic stepper lenses. Interferometric characterization of extreme ultraviolet ͑EUV͒ projection lithography optics is necessary to achieve the near diffractionlimited optical performance required for lithography at critical dimensions of 0.1 m and below. Such EUV lithographic optical systems operate at a wavelength of about 13 nm with numerical apertures of around 0.1. To characterize the aberrations, interferometry with subnanometer wave front measuring accuracy is required. In addition, measurements at an operational wavelength of 13 nm are needed to characterize the system EUV wave front, which is produced both by the figure of mirror surfaces and by multilayer coating properties. 1 Common-path techniques, such as point diffraction interferometry 2 or shearing interferometry, 3 are required for at-wavelength wave front characterization due to the lack of long-coherence-length light sources at EUV wavelengths.
Point diffraction interferometry is suitable for direct measurement of wave front aberrations at EUV wavelengths because of its applicability over a wide spectral range, compact design, and relaxed temporal coherence length requirements. 2 This technique utilizes the generation of a high-quality spherical reference wave front by diffraction from a ''subresolution'' pinhole. This reference wave front interferes with the unknown wave front under test. We have recently developed a phase-shifting point diffraction interferometer ͑PS/PDI͒ that enables EUV wave front characterization with both high efficiency and a phase-shifting capability. [4] [5] [6] In this article, we describe recent measurements of a 10ϫ demagnification, multilayer-coated, Schwarzschild objective, designed for a prototype EUV lithography exposure tool 7 using the new phase-shifting point diffraction interferometer. The repeatability of the interferometric measurements is characterized. The aberrations of the optical system are described, and a demonstration of chromatic aberrations due to multilayer coatings is also presented. Finally, the optical performance predicted by the interferometry is verified by imaging experiments utilizing the EUV exposure tool for which the optic was designed.
II. INTERFEROMETER CONFIGURATION FOR TESTING THE 10؋ SCHWARZSCHILD SYSTEM
The phase-shifting point diffraction interferometer for atwavelength testing of EUV lithographic optics operates at the undulator beamline 12.0 at the Advanced Light Source ͑ALS͒ at Lawrence Berkeley National Laboratory. The beamline optics include a grating monochromator that is used to select the desired wavelength, and a KirkpatrickBaez ͑KB͒ illuminator that is designed for optimum transfer of spatially coherent radiation to the interferometer.
The Schwarzschild test optic, designed for 10ϫ reduction EUV projection lithography experiments, consists of two nearly concentric spherical mirrors. 7 Both mirrors are coated with molybdenum-silicon multilayer reflective coatings with peak transmission at 13.4 nm wavelength. While the annular, concave secondary is coated with a multilayer of nearlly uniform thickness, the convex primary has a graded multilayer coating designed to compensate for the varying angles of a͒ Also at Dept. of Electrical Engineering and Computer Sciences, University of California, Berkeley, CA 94720. b͒ Also at Dept. of Physics, University of California, Berkeley, CA 94720. c͒ Electronic mail: jbokor@eecs.berkeley.edu incidence across its surface. 8 An off-axis aperture stop that rests on the primary mirror can select a circular portion of the annular clear aperture for imaging experiments. This rotatable aperture stop contains three separate subapertures, corresponding to different selectable numerical apertures ͑NA͒ of 0.06, 0.07, and 0.08. The image plane of the optic, determined during the assembly of the system, is defined by three balls attached to the optical housing.
The configuration of the phase-shifting point diffraction interferometer for testing the 10ϫ Schwarzschild optical system is illustrated in Fig. 1͑a͒ . The optic is tested in its intended vertical operational orientation. The EUV beam is steered into the optic with an adjustable, multilayer-coated, 45°turning mirror. This mirror enables small angular adjustments in the beam direction that are needed to optimize the illumination of the optic. The KB optics focus the beam onto the object plane of the 10ϫ Schwarzschild system, where a subresolution pinhole is placed. The pinhole selects spatially coherent radiation from the beam and spatially filters it to illuminate the test optic with a spherical wave front. The object-plane pinholes used in these measurements are commercially available, laser-drilled pinholes with nominal diameters of 0.5 m. These pinholes are significantly smaller than the diffraction-limited resolution of the test optic on the object side ͑subresolution͒, ensuring a high-quality illumination wave front. 9 This pinhole is placed in a kinematic mount attached to a computer-controlled, three-axis stage that allows alignment of the pinhole within the beam.
A coarse diffraction grating, placed between the objectplane pinhole and the Schwarzschild optic, serves as a lowangle beamsplitter by dividing the wave front into multiple diffractive orders. The 18-m-pitch grating consists of a 225-nm-thick patterned gold absorber supported by a 100-nm-thick silicon nitride membrane. On propagation through the test optic, the aberrations of interest are introduced into the spherical illumination beams. Two of the diffractive orders are selected with a spatial filter, shown in Fig. 1͑b͒ , placed in the image plane of the optic. The zero diffractive order is chosen as the test beam and is transmitted through the large 5-mϫ5-m sq window, which is significantly larger than the focal spot size. One of the first diffractive orders is spatially filtered by a subresolution pinhole to produce a spherical reference wave front over the numerical aperture of the measurement. The choice of the zero diffractive order for the test beam ensures that aberrations due to the grating line placement are not introduced into the measured wave front. Translation of the grating in the direction perpendicular to its lines controls the relative phase shift between the test and reference beams necessary to perform phase-shifting interferometry. The grating pitch is chosen to provide a 4.5 m separation between the test and the reference wave foci in the image plane. This corresponds to the distance between the subresolution pinhole and the center of the window. Two separate reference pinholes, placed in two orthogonal directions from the center of the test-beam window, allow measurement with two different grating orientations.
The image-plane pinhole apertures were drilled by a focused ion beam into a membrane structure consisting of 100 nm of silicon nitride and 100 nm of indium antimonide absorber. After the aperture definition, an additional 70 nm layer of indium antimonide absorber was deposited on each side of the membrane to increase the absorption and also to decrease the pinhole size. The pinholes fabricated with this method and used in experiments reported here range from 130 to 165 nm in diameter. The pinholes are aligned and fixed to be at the center of the image plane by means of a kinematic mount that rests on the three balls that define the image plane.
The interference of the test and reference beams is recorded with a back-thinned, back-illuminated, 1024ϫ1024-pixel, 1-in. sq, silicon charge coupled device ͑CCD͒ detector, placed 12.7 cm beyond the image plane of the Schwarzschild optic with its surface normal to the central ray of the off-axis beam. The exposure time, typically 5-15 s, is controlled with a compact, high-speed shutter placed in front of the 45°turning mirror, as shown in Fig. 1͑a͒ .
In its EUV configuration, the PS/PDI records the interference between test and reference beams without reimaging optics. To prevent beam overlap in the image plane, the lateral separation of the two beam foci is designed to be quite large. As a result, in addition to the aberrations of interest, the recorded interference fringes contain a large tilt in the direction of the beam separation. The geometrical effect of the beam separation also produces various orders of coma in the fringe pattern. For the beam separations and numerical apertures used in this experiment, only the third order coma is relevant. This systematic effect can be removed from the measured aberrations because its orientation is known to be perpendicular to the tilt fringes and its magnitude scales with the measurement numerical aperture in a known way. Combining the measurements performed with two orthogonal grating orientations makes removal of this coma effect straightforward.
Alignment of the test and reference beams through the system is accomplished by high-precision translation of the optic and the attached pinhole apertures on a bearing in two lateral directions. The focus is controlled by translation of the object-plane pinhole along the beam propagation direction. When aligned for data acquisition, the interferometer remains in alignment for several hours, and it has demonstrated good mechanical stability despite the fact that the temperature of the system is not controlled. Measured vacuum chamber temperature fluctuations typically do not exceed Ϯ0.5°C over 24 h.
To mitigate the carbon contamination problem reported recently, 6 several improvements have been made to the interferometer vacuum system, including the cleaning of most of the interferometer components and increasing the pumping speed to achieve a base pressure of 5ϫ10 Ϫ7 Torr. In operation during exposure to EUV light, oxygen gas is bled into the chamber to reduce carbon contamination buildup, maintaining a pressure of 10 Ϫ4 Torr. These measures have nearly eliminated the contamination problem.
III. RESULTS OF INTERFEROMETRIC MEASUREMENTS
Numerous experiments have been done to characterize the aberrations in the Schwarzschild optic and to evaluate the capabilities of the interferometer. The measurements include characterization of several regions of the annular full aperture, evaluation of aberrations at different wavelengths, and determination of measurement repeatability.
One important measurement is to characterize the light transmitted through the uniformly illuminated test optic. The transmitted intensity of 13.4 nm radiation is shown in Fig.  2͑a͒ , which reveals localized contamination of the optical surfaces. Some of the contaminants, most likely particulates on the mirror surfaces, cause complete loss of transmission. Other contaminants, possibly a residue from a wet-cleaning process of the optical substrates or the coated surfaces, lead to reduction in the transmitted intensity. The contaminated regions are on the order of 100 m in size. When the measurement is repeated at a visible wavelength of 632.8 nm, shown in Fig. 2͑b͒ , the transmitted intensity is quite different. The particulate contamination produces a loss of transmission, but the other residue is nearly imperceptible. Overall, the contamination effects are more pronounced at EUV wavelengths than at visible wavelengths. Mirror surface contamination present in this Schwarzschild optic scatters radiation to moderate angles and contributes to wave front aberrations in the midspatial-frequency regime. In PS/PDI measurements, some of the scatter in the reference beam is transmitted through the test-beam window. Although this corrupts the measurement in the vicinity of the contaminated regions in the aperture, it does not affect the ability of the interferometer to measure low-order aberrations.
The measurements reported here utilize phase-shifting interferometry techniques that combine multiple interferograms with different relative phase shifts between the test and reference beams. Analysis of individual phase-shifting data series is performed using an adaptive least-squares algorithm, 10 modified to compensate for irregular phase increments caused by a coarsely controlled grating translation stage. The presence of numerous blemishes on the optic complicates both the phase unwrapping and the Zernike polynomial fitting. The unwrapping of the raw phase maps uses a highly filtered, continuous version of the phase maps as a guide to determine the correct phase increments. 11 The unwrapped phase maps are fitted to the first 37 Zernike circular polynomials 12 that describe the low-spatial-frequency aberrations of interest. Fitting utilizes an intermediate set of polynomials, orthogonal over the domain of valid data points that excludes the blemish regions. 13, 14 Following the Zernike fit, the geometrical coma effect is removed by combining separate measurements performed with two orthogonal grating orientations.
Three different regions of the annular aperture of the 10ϫ Schwarzschild optic, corresponding to the three subapertures in the aperture stop, were characterized at 13.4 nm wavelength. The wave front aberrations of the three subapertures, reconstructed from the Zernike polynomial fit, are shown in Fig. 3 . Figure 3͑a͒ subaperture is noncircular due to a fabrication error. The aberrations of the 0.08, 0.07, and 0.06 NA subapertures are shown in Figs. 3͑b͒-3͑d͒ , respectively. Visible-light interferometry, performed during assembly of the optic, was used to align the least aberrated region of the optic with the 0.07 NA subaperture. With the tilt and defocus removed, the measured wave front errors of the 0.08, 0.07, and 0.06 NA subapertures are, respectively, 0.260, 0.090, and 0.043 wave root mean square ͑rms͒ at 13.4 nm. Figure 3 shows the wave front aberrations with small a amount of defocus reintroduced to illustrate that the aberrations in fact follow the annulus of the optic and seem to correspond to a zonal fabrication error.
One primary advantage of at-wavelength interferometry is its ability to characterize the overall EUV wave front produced by both the mirror surface figure and the multilayer coatings. Owing to the fact that, upon a change in wavelength, the aberrations due to multilayers change whereas those due to surface errors do not, multilayer effects can be observed directly via wave front measurements over a range of wavelengths. In this experiment, both transmitted intensity and the wave front phase were measured at several wavelengths. Transmission through the 0.07 NA subaperture of the optic at 13.0, 13.2, 13.4, and 13.6 nm is shown in Fig.  4͑a͒ . Transmission through different portions of the aperture reveals a zonal effect that follows the annular full aperture. Within the coating pass band, at 13.2 and 13.4 nm, the transmission is quite uniform, being lower only near the edges of the aperture. The measured transmission along the center of the annulus is peaked at ϳ13.4 nm wavelength, in agreement with the coating design, 8 but the transmission peak is shifted to ϳ13.3 nm on the inner edge of the annulus and to ϳ13.35 nm on the outer edge of the annulus. This indicates that the multilayer-coating period deviates from its intended value, which is designed to achieve transmission uniformity better than 99% at 13.4 nm. At the edges of the pass band, at 13.0 and 13.6 nm, the transmission is very nonuniform. This behavior is not unexpected, even for perfect multilayers, because the coatings are designed to accommodate a range of incidence angles in a limited spectral band. Outside the design pass band, the differences in incidence angles across the optic are amplified because the coating properties vary rapidly outside the central transmission lobe.
The chromatic phase effects resulting from reflection by multilayer mirrors are illustrated in Fig. 4͑b͒ , which shows the difference between the aberrations measured at 13.0, 13.2, 13.4, and 13.6 nm and the aberrations measured at 13.4 nm. Within the coating pass band, the differences in the measured wave fronts are small because the wavelength change results primarily in a constant phase offset that is not measurable by interferometry. At the pass band edges, where nonuniformities in the coating properties are accentuated, the measured phase difference over the aperture is consistent with a radial nonuniformity in the multilayer-coating thickness.
The quality of the interferometry was characterized by repeatability measurements performed on the 0.07 NA subaperture of the Schwarzschild optic. The aberrations were first characterized in a series of measurements performed over several weeks with multiple object-plane input pinholes, several image-plane reference pinholes, and two orthogonal gratings. Following this series of experiments, the other two subapertures of the optic were measured. Subsequently, the 0.07 NA subaperture of the Schwarzschild optic was measured again in a second series of experiments. Successive measurements of each subaperture required removal of the optic from the vacuum chamber, followed by repositioning of the optic and complete realignment of the interferometer. The wave front aberration map and the corresponding Zernike polynomial fit, determined at 13.4 nm wavelength from 23 separate measurements including both series, are shown in Figs. 5͑a͒ and 5͑b͒, respectively. The wave front error of 0.090Ϯ0.008 wave (1.21Ϯ0.11 nm) rms and 0.531Ϯ0.046 wave (7.11Ϯ0.61 nm) peak-to-valley, is dominated by astigmatism. The aberrations appear to indicate a zonal fabrication error described earlier. The relatively small aberration magnitude indicates the nearly diffractionlimited quality of the optic. The error bars of the Zernike polynomial coefficients correspond to the rms variation in each term over the 23 measurements. The standard deviations of the 23 measured rms and peak-to-valley wave front aberrations indicate repeatability to within Ϯ0.008 wave (Ϯ0.11 nm) rms and Ϯ0.046 wave (Ϯ0.61 nm) peak-tovalley. The absolute accuracy of the measurements is currently under investigation.
IV. VERIFICATION WITH IMAGING EXPERIMENTS
Perhaps the most significant value of interferometric wave front measurements is their ability to predict the imaging performance of optical systems. The interferometry performed here on the 10ϫ Schwarzschild optical system predicts good EUV imaging quality for the 0.07 NA subaperture. The image quality was verified with photoresist exposure experiments performed on the 10ϫI EUV imaging system 7 at Sandia National Laboratories in Livermore, California. The Sandia exposure tool utilizes imaging optics identical in optical design and housing construction to the Schwarzschild system described here. In this tool, EUV light from a laser-produced plasma is collected by an ellipsoidal condenser and directed via a 45°turning mirror onto a reflective mask/object at near-normal incidence. The mask illumination is of the Köhler type, with a partial coherence factor of approximately 0.5. The image of the mask pattern, produced with the 10ϫ Schwarzschild optic, is recorded on a photoresist-coated wafer.
Prior to the exposure experiments, the interferometry data on the 0.07 NA subaperture were used to calculate the expected image intensities for several test patterns. The images were calculated using the program SPLAT, 15 which simulates partially coherent image formation. The calculations were done for a numerical aperture of 0.07, an exposure wavelength of 13.4 nm, an illumination partial coherence factor of 0.5, and the measured aberrations of the Schwarzschild optic. Figure 6͑a͒ shows the calculated image intensity of a brightfield star resolution pattern through focus. The imaging is quite good in all directions at best focus. As is expected of an optic having astigmatism as the dominant aberration, somewhat out of focus, the resolution of the optic improves in one direction but degrades in the orthogonal direction. On the other side of focus, the behavior is similar but with the two directions reversed. The presence of the aberrations measured in the Schwarzschild system was subsequently verified with photoresist exposure experiments. Negative-tone, chemically amplified, 100-nm-thick, SAL 601 photoresist was used to record images produced by the optic. Figure 6͑b͒ shows scanning electron microscopy ͑SEM͒ photographs of the developed photoresist features of the star resolution pattern. The direction of the best resolution changes with defocus, in excellent agreement with the predictions of astigmatic imaging performance. Some of the differences apparent at the center of the patterns are produced by variations in the photoresist exposure dose from image to image.
In summary, the measured aberration magnitude of 0.090 wave rms for the 0.07 NA subaperture predicts neardiffraction-limited optical performance of the Schwarzschild optic. This was observed with the printing of several test patterns, including the star test pattern described here.
V. CONCLUSIONS AND FUTURE WORK
The aberrations of a 10ϫ Schwarzschild optic, designed for EUV lithography experiments, were characterized with a phase-shifting point diffraction interferometer at EUV wavelengths. Measurements of several subregions of the annular aperture indicate the presence of zonal fabrication errors. The 0.07 NA subaperture was found to have relatively small aberrations of 0.090 wave ͑1.21 nm͒ rms at 13.4 nm wavelength. The presence of phase aberrations due to multilayer coatings was observed directly with wave front measurements at different wavelengths.
Measurements of the Schwarzschild optic have also served to evaluate the performance of the PS/PDI design and implementation. The measurement repeatability is Ϯ0.008 wave (Ϯ0.11 nm) rms. Although, determination of the absolute accuracy of the interferometer is still in progress, optical performance predicted from interferometry, evaluated with image calculations that include the effects of the aberrations measured, is consistent with the image quality observed experimentally in the imaging experiments. 
